This study investigates the effect of ultrasonic treatment of polysaccharides isolated from Zizyphus lotus fruits (ZLP) with high molecular weight on the chemical composition, emulsifying properties, rheological behavior and antioxidant activities of polysaccharides. Results showed that molecular weight (Mw) was decreased from 2.72 × 10 6 to 1.69 × 10 6 g mol −1 for 120 min without structure modification. After ultrasonic treatment, the obtained polysaccharides demonstrated their abilities to form smaller droplets in oil/water emulsions with better emulsifying properties. Rheological analysis showed that ZLPs solutions exhibited a pseudoplastic flow behavior. In addition, the apparent viscosities of ZLPs solutions decreased with the acidic pH (2.0) or alkaline pH (8.0) which was further raised with the temperature increment. The addition of monovalent and divalent salts modified significantly the apparent viscosities of ZLPs. Antioxidant activity assays in vitro indicated that the ultrasound treated fraction with low molecular weight had a stronger 2,2-diphenyl-1-picrylhydrazyl scavenging ability, reducing power and anti-lipid peroxidation.
Introduction
In recent years, fruit of Zizyphus species, belonging to the family Rhamnaceae, has received a great attention due to its richness in natural components that could be used as functional ingredients [1, 2] . Within this context, Zizyphus fruit may be considered as a potential source of polysaccharides with excellent hepatoprotective [3] , anticancer [4] and immunobiological properties [5] . Moreover, as a valuable antioxidant, several studies demonstrated that water-soluble polysaccharides isolated from Zyziphus fruiting body could be explored as natural functional or healthy foods to prevent oxidative damage of human body from reactive oxygen species (ROS) [6, 7] .
According to Melo et al. and Chen et al. [8, 9] the antioxidative and biological activities of polysaccharides are related to their physicochemical properties including the molecular size, the sugar composition and the molecular geometry. Moreover, it has been reported that polysaccharides with high molecular weight could present an unstable physicochemical properties because of poor solubility and high viscosity that limit their absorption and utilization in the body and its pharmaceutical applications [10] .
In this context, Fuchs proved that pectins which are widely used as additives in foodstuffs and medicines are not easily decomposed in the intestines because of their high molecular weights [11] .
Recently, in food industry more attention is given to the emulsifying and stabilizing properties of some natural polysaccharides due to their non toxicity [12, 13] . Hence, they could replace the artificial ones. Particularly, pectins have been proven to have an effective emulsifying capacity due to their chemical structure that confers these molecules various functional properties [14] [15] [16] . In fact, the hydrophobic groups in pectin molecules are responsible for their ability to anchor oil-water interface. Interestingly, some research papers revealed that smaller molecular weight is beneficial to the improvements of emulsifying properties [17] .
Recently, our previous study reported novel water soluble polysaccharides named ZLP which was extracted, for the first time, from southern Tunisian Zizyphus lotus fruits localized particularly in the region of Tozeur. ZLP was characterized as "pectin like" and its antioxidant activity in vitro assays revealed that this polymer exhibited a strong DPPH scavenging activity, a significant reducing capacity in vitro and moderate anti-lipid peroxidation ability [18] . Whereas, ZLP has a high molecular weight (M W : ~ 2720 kDa) which could restrict their industrial-scale applications. Therefore, the valorization of ZLP in medicine or functional food requires a degradation of ZLP to reduce its molecular weight for specific uses.
Novel strategies for depolymerization of polysaccharides including physical, chemical and enzymatic methods were investigated [19] .Whereas, these processes lead to unwanted mono-and oligomers and could modify the chemical microstructure of the side groups [20] .
For this reason, many researchers focused on environmental-friendly method for depolymerisation of polysaccharides using ultrasound irradiation which considered the suitable technique for producing lower molecular weights without any structural or chemical modification of polymers during the degradation process and without the addition of chemical reagents [21] . Recently, this technology takes a great interest in depolymerization of water-soluble polysaccharides including dextran [22] , chitosan [23] , carboxymethylcellulose [24] , pullulan [25] , pectin [26] and schizophyllan [27] . Nevertheless, no available data were reported on the ultrasound degradation of the high-M W polysaccharides from Tunisian Zyziphus lotus fruits.
The present study aims to evaluate the effects of the ultrasound treatment of Zyziphus lotus polysaccharides on their chemical characterizations, emulsifying capacities, rheological properties and antioxidant activities in vitro.
Experimental

Materials and Chemicals
Zizyphus lotus (L.) fruits were collected from Tozeur, South of Tunisia, in August 2013.
The chemical reagents and solvents used in this work were purchased from Sigma-Aldrich (Germany): DPPH (2,2-diphenyl-1-picrylhydrazyl), sodium phosphate, linoleic acid, iron(II) sulfate heptahydrate, trichloroacetic acid (TCA), iron (III) chloride, potassium ferricyanide, lithium nitrate, trifluoroacetic acid, N,O-bis(trimethylsilyl)-trifluoroacetamide (BSTFA), Acetic acid, butylated hydroxytoluene, ascorbic acid, pyridine. Moreover, D-myo-inositol, D-(+)glucose, L-rhamnose, D-(+)-galactose, D-(−)-fructose, D-(−)-arabinose, D-(+)-xylose were used as standards for GC-MS.
Extraction of Polysaccharides
The extraction of water soluble polysaccharides from pulp of Z. lotus was performed using the method of hot-water extraction and ethanol precipitation followed by dialysis membrane with molecular weight cut-off of 14 kDa. The extraction conditions of ZLP were optimized using the Box Behnken Design as demonstrated in our previous study [18] and the obtained optimal extraction parameters were as follows: extraction time of 3 h 15 min, extraction temperature of 91.2 °C and water to solid ratio of 39 mL g −1 . Under these conditions we obtained a maximum extraction yield of polysaccharide (18.88% w/w ) termed as ZLP.
Ultrasonic Depolymerisation
Ultrasonic treatment of water soluble polysaccharides (ZLP) was carried out with the ultrasonic bath (J.P. SELECTA, Germany) under 465W and 20 kHz. A 300 mL amount of the ZLP solution (1%, w/v) was placed into a reaction vessel (a 500 mL glass beaker), then the beaker was held in the ultrasonic reactor and then treated with different time ranging from 30 to 120 min. The obtained depolymerized fractions were termed as ZLP 30 , ZLP 60 , ZLP 90 , ZLP 120 .
Chemical Characterization
Determination of Carbohydrate and Uronic Acid Contents
The determination of the total carbohydrate content of ZLP was performed by the method of Dubois et al. [28] using galactose as standard for calibration. The uronic acid was measured by a carbazole method using the glucuronic acid as standard [29] .
Monosaccharide Composition Analysis
The monosaccharide compositions of ZLP before and after ultrasound treatment were investigated after acid hydrolysis by gas chromatography (GC) using the procedures which reported in our previous study [18] . The obtained hydrolysate was converted to their trimethylsilyl (TMS) derivatives and subjected to GC analysis (Agilent technologies, 5975C inert MSD with its Triple-Axis Detector, Germany). The quantitative analysis of all sugars was determined in TIC (Total ion current) mode using calibration curves as mentioned elsewhere by Mkadmini Hammi et al. [18] .
Infrared Spectroscopy Analysis
The infrared (IR) spectra of ZLP and fractions obtained after ultrasound treatment were measured according to the method of Zhao et al. [30] using a FTIR spectrophotometer (PerkinElmer BX FTIR system spectrometer, MA, USA). Samples were integrated into potassium bromide (KBr) powder and then pressed into 1 mm pellet and all measurements were performed at the absorbance mode from 4000 to 400 cm −1 (mid infrared region). The degree of esterification (DE) of native and ultrasound treated polysaccharides was estimated according to the following equation [31] :
where A 1716 and A 1605 are the areas of absorption band detected at 1716 and 1605 cm −1 , respectively.
Homogeneity and Molecular Weight of ZLP Samples
The average macromolecular characteristics (molecular weight sand sizes, intrinsic viscosity and their distribution of ZLP samples were determined by size exclusion chromatography (SEC) equipped with three on-line detectors: a multi-angle light scattering (MALS) (Down HELEOS II, Wyatt Technology, Ca, USA), a differential viscosimeter (DV) (Viscostar II, Wyatt Technology, Ca, USA) and a differential refractive index (DRI) (RID 10 A Shimadzu, Japan) using two different sets of chromatographic columns in series (OHPAK SB 804 and 806 HQ 8.0 × 300 mm (internal diameter × length) (Shodex, Japan)which eluted with a solution of LiNO 3 (0.1 mol/L) with a flow rate of 0.5 mL/min. 100 μL of ZLP solution at 2 mg/mL in 0.1 mol/L LiNO 3 is injected after filtration (0.45 μm). All data were collected and analyzed using Astra 6.1.7.16 software. A data processing Zimm "order 1" with angles from 34.8° to 142.8° was used for data analyses [32] with a classical refractive index increment (dn/dc) of 0.15 mL/g for polysaccharide [33] . The knowledge of the intrinsic viscosity allowed us to obtain the hydrodynamic volume (Vh) using the Einstein − Simha and consequently the hydrodynamic volume (Rh).
Emulsifying Properties
Emulsion Preparation
Oil/Water emulsions were prepared according to the method used elsewhere by Schmidt et al. [34] with slight modifications. Continuous phase was formed by dissolving 1% of native and ultrasound treated polysaccharides, separately, in deionized water. O/W emulsions were prepared by mixing 20% w/w of corn oil and an emulsifier solution using a rotor homogenizer (T25 digital ultra-turrax, IKA, Germany) at 20000 rmp for 90 s and at ambient temperature (~ 25 °C).
Emulsification Measurements
The droplet diameter (z-average/polydispersity index (PDI)) obtained using Dynamic Light Scattering and zeta-potential of (O/W) fresh emulsions was measured using a Malvern-NanoZS90 (Malvern Ltd., UK). Before measurements, the emulsions were diluted to 1/1000 (v/v) with deionized water [35, 36] . Each sample was measured in triplicate at 25 ± 0.1 °C and the results of droplet size were calculated as the average cumulants mean diameter. A refractive index of 1.333 was used for the water phase and 1.473 was used for the corn oil phase. The imaginary part in both cases was set to zero as both phases are transparent.
Rheological Properties of Native and Ultrasound Treated ZLP
Determination of Flow Properties
The rheological properties of native and ultrasound treated ZLPat a concentration of 2.5 mg/mL were evaluated using a rheometer (R/S-CPS Plus Rheometer, BROOKFIELD, UK) with a plate and cone geometry (radius 2.5 cm, angle 1°, gap 1.0 mm). Flow behavior was described by the fitting of the experimental data (shear stress-shear rate) with the power-law model as given by the following equation [37] : where τ is the shear stress (Pa), ̇ (s −1 )is shear rate, n (dimensionless) is the flow behavior index and k (Pa s n ) is the consistency index. In the present study, shear stress were measured with increasing shear rate from 1 to 1000 s −1 at 25 °C.
A double Logarithmic plot of the shear stress versus shear rate of the Ostwald-de Waele model (power-law) is represented by the following equation [37] :
Generally, 0 < n<1 indicates pseudoplastic fluids and n ~ 1 indicates near-Newtonian flow behavior [37] .
Steady-Shear Viscosity Measurements
Polysaccharides solutions (ZLP 0 , ZLP 30 , ZLP 60 ZLP 90 and ZLP 120 ) were dissolved into distilled water at the concentration of 2.5 mg mL −1 and their apparent viscosities were tested with a steady-shear rate ranging from 1 to 1000 s −1 at 25 °C.
Effect of Temperature on Apparent Viscosity
The temperature was raised from 25 to 80 °C. The apparent viscosities of all polysaccharides samples (2.5 mg/mL) were measured at a constant shear rate of 1000 s −1 .
Experimental data were adjusted to the Arrhenius equation (Eq. 4) [38, 39] :
where η is the measured viscosity (Pa s), A the Arrhenius constant, E a the activation energy (kJ/mol), and R the universal gas constant (8.314 J/mol K)
Effect of Salts on Apparent Viscosity
The effects of monovalent salts NaCl and divalent salts CaCl 2 at concentration ranging from 0.1 to 0.8 mg mL −1 were evaluated on the apparent viscosities of polysaccharide solutions (ZLP 0 , ZLP 30 , ZLP 60 ZLP 90 and ZLP 120 ) at shear rate of 1 s −1 and at 25 °C.
Effect of pH on Apparent Viscosity
The pH ranging from 2 to 8 was adjusted by adding HCl and NaOH solutions to the native and ultrasound treated ZLP samples with a concentration of 2.5 mg mL −1 . The apparent viscosities were measured at 1 s −1 at 25 °C.
In Vitro Antioxidant Activity
Three in vitro assays including 2,2-diphenyl-1-picrylhydrazyl (DPPH) free radical scavenging activity, ferric-reducing antioxidant power (FRAP) ability and linoleic acid peroxidation capacity were employed to evaluate the antioxidant activities of ZLP and ultrasound treated fractions. For the 2,2-diphenyl-1-picrylhydrazyl (DPPH) free radical scavenging activities method, the inhibitory percentage of DPPH is expressed as IC 50 in (mg mL −1 ) which is about the concentration of sample required to scavenge 50% of DPPH free radicals [40] .
Concerning the reducing power assay, we used the method described elsewhere by Wang et al. A standard curve was plotted using different concentrations (25-2000 µmol/L) of FeSO 4 7H 2 O and the final results were expressed as the concentrations of antioxidants having a ferric-reducing capability equivalent to that of 1 µmol L −1 FeSO 4 , 7H 2 O [41, 42] .
The inhibition of lipid peroxidation was carried out using the conjugated diene method described previously by Lingnert et al. The anti-lipid peroxidation activity is expressed as EC 50 value (mg mL −1 ) which denoted the effective concentration at which the antioxidant activity was 50% [43] .
For those three In vitro tests, the absorbances of mixtures were determined by UV-vis spectrophotometer (Perkin Elmer Lambda 40 UV/Vis Spectrophotometer, France). All measurements were performed in triplicate and the results were presented as the mean ± standard deviation.
Results and Discussion
Chemical Analysis
The chemical compositions of native and ultrasound treated polysaccharides (ZLP) samples including ZLP 0 , ZLP 30 , ZLP 60 , ZLP 90 and ZLP 120 at different ultrasonic time are given in Table 1 . Results showed that initial ZLP was composed of noticeable amounts of carbohydrates (97.9% w/w ) and uronic acids (41.8% w/w ) known by their antioxidant activity [44] . It is noted that the contents of uronic acids in different samples of ZLP are closely similar. This finding indicated that ultrasonication process had not effect on the acidic functional groups. Moreover, the degraded ZLP samples contained the same monosaccharide types as the native polysaccharides ZLP 0, but their molar ratio were slightly different. In fact, arabinose and rhamnose are the predominant monosaccharides in different ZLP samples followed by glucose, fructose and galactose. The xylose was identified as minor constituent. These results are in agreement with previous studies which reported that ultrasonic treatment could not affect on the monosaccharide composition [10, 45, 46] . The infrared spectra of native and ultrasound treated ZLP samples were illustrated in Fig. 1 . It's clearly shown that the ultrasound treatment samples (ZLP 30 , ZLP 60 , ZLP 90 and ZLP 120 ) have the same functional groups as the native polysaccharide (ZLP 0 ). In fact, The five samples displayed a broad stretching intense characteristic peak at around 3300 cm −1 which was ascribe to the stretching vibration of hydroxyl group (-OH) attributed to inter and intra molecular interaction of the polysaccharides chains [47] . Besides, there is no change in the absorption bands detected at 1605 cm −1 and 1716 cm −1 which are characteristic of the stretching vibration of C = O which attributed respectively to the carboxylate ion (COO-), and the O-acetyl groups [48, 49] . The signal at 1422 cm −1 is due to the stretch vibration of (C-O) corresponding to the (COOH) function 49 . In addition, the absorption bands at around 893 cm −1 and 820 cm −1 which indicating the β and α-glycosidic C 1 -H deformation, respectively, were well preserved after ultrasonication [49] . Moreover, the absorption band at about 1037 cm −1 which is characteristic of the glycosidic structure (C-O-C) is still existed in the resulting depolymerized fractions. These data suggest that no major functional group transformations happened during depolymerization. This observation is similar to those which have been reported by Zhang et al. and Chaouch et al. [50, 51] which demonstrated that the ultrasound treatment of polysaccharides reduces their molecular weight without altering the functional groups. The detailed research on the mechanism of ultrasound degradation of polysaccharides should be further studied.
Effect of Ultrasound Treatment on the Molecular Weight of ZLP
As summarized in Table 2 , the molecular weight (Mw) of Zyziphus lotus polysaccharides was decreased from 2.72 × 10 6 to 1.69 × 10 6 g mol −1 for 120 min. The effect of ultrasound treatment is confirmed by the decrease of intrinsic viscosity (from 711 to 382 mL g −1 ), hydrodynamic radius (from 60 to 42 nm) and gyration radius (from 131 to 66 nm). As explained by Lorimer et al. [22] the reduction in M w of ZLP could be explained by the formation of cavitation bubbles which are responsible for the irreversible chain scission. Similar results were also obtained for ultrasound degradation of apple pectin [26] , dextran [22] , chitosan [23] , carboxymethylcellulose [24] , and schizophyllan [27] . Interestingly, ultrasound degradation of polymers was performed at a frequency of 20 kHz, so the ultrasonic depolymerization of Zizyphus lotus polysaccharides solutions may be explained much more by mechanical than radical effects as demonstrated previously by Yan et al. [10] . 
Emulsifying Capacities
The droplet size is one of the most important characteristic of emulsions to determine their physical and thermodynamic properties [52] . The emulsifying activities of the native and ultrasound treated ZLP (1%w/v) were evaluated by measuring the cumulants mean diameter ZD of freshly prepared emulsions (Table 3) . It is clearly shown that native ZLP presented the higher average diameter of droplet than those of the ultrasound treated Zyziphus lotus polysaccharides. This indicated that the native ZLP exhibited lower emulsifying activities than those of the treated ZLP. This finding could be explained by the fact that the molecular weight is an important factor which could influent on emulsion droplet sizes [53] . In fact, as demonstrated by Nakamura et al. [54] smaller molecular weight exhibited more flexible chain that inducing their ability to form a thick layer on the droplet surface. These findings are similar to those obtained by Li et al. [55] which demonstrated that smaller molecular weight of Artemisia sphaerocephala Krasch. Polysaccharide treated by xylanase is beneficial to the improvements of emulsifying properties.
The Stability of prepared oil/water emulsions was evaluated through the zeta potential (ζ) values. Generally, when the absolute value of zeta potential is higher than 25 mV, the electrostatic repulsion among droplets is greater leading to particles dispersion and avoid droplet flocculation and conversely, the absolute value of zeta potential is less than 25 mV, the particles agglomerate leading to flocculation [56] .The zeta potential of emulsions with native and treated Zyziphus lotus emulsifiers at a concentration of 1% w/v is mentioned in Table 3 . A negative values of ζ-potential (from − 23.6 to − 29.3 mV) was obtained for all emulsions preparation which could be explained by the dissociation of carboxylic acid groups of uronic acids that contain in Zyziphus lotus polysaccharides (pectin-like) [18] at the particle surface [57] . The obtained values of zeta potential indicate that polysaccharides could act as efficient emulsifier to form emulsion with better emulsifying properties.
Rheological Measurement
Flow Curves
The rheological behaviors of native polysaccharide (ZLP) and ultrasound treated ZLP samples (ZLP 30 , ZLP 60 , ZLP 90 and ZLP 120 ) were determined by plotting the stress curves as a function of the shear rate (1-1000 s −1 ) ( Fig. 2a ). All polysaccharides aqueous solutions (2.5 mg mL −1 ) were analyzed at 25 °C. As shown in Fig. 2a , for all samples, the shear stress increased significantly with the shear rate. This is a typical characteristic of a pseudoplastic flow behavior which could explained by the fact that the polymer molecules became more aligned in the flow direction, leading to less interaction between the adjacent polymer chains. This orientation resulted in shear thinning behavior [58] . The rheological parameters including behavior index n and the consistency k were calculated based on the double logarithmic plot of shear stress versus shear rate (Eq. 3) and results were illustrated in Table 4 . The obtained results indicated that the values of n were less than 1 which shows the pseudo-plastic characteristics of all samples. A good correlation coefficients (R 2 ≥ 0.9) were observed for all samples which indicated the suitable power-law model for describing the flow behavior of ZLP solutions.
The consistency index k is as an indicator of the viscous nature of a system. In fact, this parameter decreased gradually from 24.63 ± 0.23 to 5.03 ± 0.24 Pa s n with increasing the depolymerisation time of ZLP. This result implied that more the molecular weight and the hydrodynamic size of polysaccharides were higher, more the entanglement of chains were important which is in the origin of the high consistency index of polymer [59] .
Steady Shear Flow Behavior
As indicated in the literature [60, 61] , for this type of flow, during the shear rate gradient increase, the particles are oriented in the same direction of flow, allowing a better flow sliding of the particles, thus causing a decrease in the viscosity. In order to confirm the pseudoplastic flow behavior of the native and ultrasound treated polysaccharide, theapparent viscosity (Pa s) versus shear rate (1-1000 s −1 ) was evaluated for ZLP solutions (2.5 mg mL −1 ) before and after ultrasonic treatments at 25 °C as depicted in Fig. 2b .
Results showed that the apparent viscosities of polysaccharides solutions were shear rate dependent. In fact, the apparent viscosity of untreated ZLP decreased dramatically from 989,8954 to 19.2314 Pa s with increasing shear rate. The same behavior was shown for ultrasound treated polysaccharides solutions which indicated the pseudoplastic behavior (shear-thinning) of different samples. This kind of behavior was usually observed on hydro-soluble polysaccharides like apple pectin [26] , butternut pectin [62] , okra pectin [61] , potatoes peel polysaccharides (PP) extracted with three different treatments (water, alkaline and acid) [63] and other random coil polysaccharides as reported by Lee et al. [64] . Moreover, for each applied shear rate, the viscosity decreases gradually with time for each sample. In fact, at 1 s −1 , viscosity of ZLP decreased approximately 15, 17 times after ultrasound treatment of 120 min which could be explained by the reduction of the entanglement because of the decrease of molecular weight after depolymerization using ultrasound treatment as mentioned by Clasen and Kulicke [19] . This finding confirms that apparent viscosity of polysaccharide is directly related to M W as mentioned by Zhang et al. [26] . In this context, Ji et al. [65] demonstrated that polysaccharides extracted from Amana edulis with higher molecular weight (2.6 × 10 3 kDa) displayed a higher apparent viscosity than that of lower molecular weight (1.5 × 10 2 kDa).
Effect of Temperature on Viscosity
It is very interesting to know the evolution of the behavior of the polysaccharides subjected to heat treatment and at different shear rates (mechanical treatment) during its incorporation in agro-food applications. The apparent viscosities of native and ultrasound treated ZLP solutions versus temperatures between 25 and 80 °C at shear rate of 1000 s −1 are presented in Fig. 3a . Various studies demonstrated that the rise in temperature increases the energy dissipation movements of the molecules, resulting in a decrease of intermolecular interactions and consequently a reduction of the viscosity [63, [65] [66] [67] . Whereas, in our present case, results showed that the apparent viscosities of Zizyphus lotus polysaccharides solutions (2.5 mg mL −1 ) were slightly increased with the temperature increment (Fig. 3a) . This finding could be explained by the existence of esterified form (DE %) in ZLP 0 (37.51%), ZLP 30 (37.42%) ZLP 60 (37.12%), ZLP 90 (37.25%) and ZLP 120 (37.05%) as calculated by infrared (IR) spectra. Therefore, the increase in temperature could alter the hydrogen bonds while the hydrophobic interactions become stronger which will further strengthen the gelation phenomenon [68] . The changes rates of apparent viscosities for ZLP, ZLP30, ZLP60, ZLP90, ZLP120 were 39.7%, 53.31%, 47.73%, 51.56% and 77.42%, respectively. As claimed by Xu et al. [63] , the smaller the change rate of apparent viscosity of the polysaccharides, the better thermal stability of the sample. Therefore, native ZLP could be considered as the more stable polysaccharides at high temperature and could be used as additives in food processing. The activation energy (Ea) of flow is an universal parameter that characterizes polymer properties and shows how they change during the thermal process. This parameter could be influenced by the nature of intra and inter-chain interactions and the molecular mass of the polysaccharides [67] .The activation energy required to initiate flow for the native and degraded ZLP aqueous solutions (2.5 mg mL −1 ) were evaluated from the logarithmic form of the Arrhenius model by plotting ln(k) against T −1 as depicted in Fig. 3b . All parameters corresponding to the Arrhenius equation parameters are presented in Table 5 . Results showed that for all analyzed ZLP, the Ea required to initiate flow decreases as a function of the depolymerization time. This data suggested that the high Ea could be the result of the high entanglement configuration and, also, of intra and inter-chain interactions between polysaccharides [69] .
Effect of Salt on Viscosity
The effect of salt on apparent viscosity is important for evaluating the rheological properties of ZLP samples. Figure 4 shows the evolution of the apparent viscosity for the native ZLP and the ultrasonic treated polysaccharides at low shear rate of 1 s −1 when the NaCl and CaCl 2 concentration was increased from 0.1 to 0.8 M. Results revealed that the addition of salts (NaCl and CaCl 2 ) had a significant effect on the apparent viscosities of native and ultrasonic treated ZLP. This data is due to the presence of uronic acids (41.17-41 .89% w/w ) in the polysaccharide structure. As demonstrated previously by Xu et al. [63] , the inorganic salt ions could affect the polyelectrolyte by blocking electrostatic repulsion between charged groups on the polymer chain leading to two phenomena: intermolecular expansion causes a decrease of apparent viscosity or intermolecular linkages causes an increase of apparent viscosity. All these results depending on the size change of the hydrodynamics between macromolecules. In fact, adding Na + decreased the apparent viscosities of all polysaccharides solutions which could be explained by the charge shielding effect due to the presence of monovalent counter-ions which made the molecules more contracted and expressed as lower viscosity [70] . Whereas, the addition of Ca 2+ increased significantly the apparent viscosities of polysaccharides solutions which might be due to the increased intermolecular association resulting a threedimensional structures which called as "egg-box" model that promote polysaccharide gelation [38] .
Effect of pH on Viscosity
In the present study, the apparent viscosities of native and ultrasonic treated polysaccharides of 2.5 mg mL −1 were evaluated at shear rate of 1 s −1 under various pH conditions at 25 °C as given in Fig. 5 . The results showed that both acidic conditions (pH 2-6) and alkaline conditions (pH 6-8) modified the rheological behavior of all polysaccharides aqueous solutions. The high value of apparent viscosities of ZLP solutions (pH of ~ 5.6) could be explained by the electrostatic repellence and intermolecular inter-actions between carboxylic groups of uronic acids [71] . The strong acidic treated solutions decreased significantly the apparent viscosities of native degraded ZLP that could be explained by the damage of the network of polysaccharide chains in acidic conditions. Moreover, the existence of extra cation of H + could decrease in electrostatic repulsion occurred which could create a more flexible chain and result in the reduction of viscosity [72] . At pH of 6.5, it is clearly observed that the viscosities increased slightly for all polysaccharides solutions, this could be attributed to the enhancement of the ionization of the carboxylic groups resulting an extension of molecules and also being positive to the apparent viscosity. Also, the carboxylic groups could unite freed hydroxyl groups gradually to form hydrogen bonding. Whereas, the strong alkali conditions reduced considerably the apparent viscosities of all ZLP solutions because of the structure modification and alteration by ionic interactions of polysaccharides [73] . These findings were similar to that reported previously by Xu et al. [63] and Ji et al. [65] which explained that alkali or acidic conditions are responsible for cleavaging hydrogen bonds, disintegrating the polysaccharides leading to decrease in apparent viscosity. Figure 6 depicts the antioxidant activities in vitro of native and ultrasound treated ZLP samples (ZLP 0 , ZLP 30 , ZLP 60 , ZLP 90 and ZLP 120 ) which were investigated with DPPH scavenging ability, FRAP assays and anti-lipid peroxidation capacity. For the DPPH scavenging ability, Fig. 6a shows that the inhibition concentration at 50% of DPPH free radicals (IC 50 ) was 0.518, 0.393, 0.307 and 0.205 mg mL −1 for ZLP 30 , ZLP 60 , ZLP 90 and ZLP 120 , respectively,which are more significant than the native polysaccharides (ZLP 0 ) (IC 50 of 0.518 mg mL −1 ). Moreover, for the reducing power of the depolymerized fractions at a concentration of 2 mg mL −1 (Fig. 6b) , the concentration of Fe(II) complex produced which is an indicator for their potential reductive ability increased significantly during the ultrasonic time from 705.547 to 1405.623 (μmol L −1 ) for ZLP 30 and ZLP 120 , respectively. Concerning the anti-lipid peroxidation activity, results showed that the ultrasound treated fractions improved approximately 3.15 times as a function of ultrasound operating time (Fig. 6c ). From these data, we noticed that the stronger antioxidant capacity was obtained for the ultrasound treated fraction with low molecular weight. The same results was obtained in previous studies which reported that ultrasonic treatment is an effective way for enhancing polysaccharide's antioxidant activity ascribing to decreasing their molecular weight. In fact, Yan et al. [10] indicated that the stronger antioxidant activities were shown for the low molecular weight of Phellinus linteus mycelia polysaccharides. Similarly, Xing et al. [74] reported that the hydroxyl radical scavenging activity of chitosan fractions withlow-MW (9 kDa) is much higher than that of high-MW fractions (760 kDa) . These results could be explained by the generation of O-H groups under ultrasound treatment inducing the better solubility of polymer and more surface area for good reactivity with free radicals [50] . Moreover, due to the low frequency (20 kHz), these results could be attributed to mechanical effects (no chemical effects) which is about the collapse bubble that induced the break of glycosidic linkages connecting the sugar units [75] . In this context, Portenlänger and Heusinger also reported that the efficiency of degradation of dextran with 35 kHz sonicationis more effective with the high frequencies (500, 800 kHz and 1.6 MHz) [76] .
Evaluation of Antioxidant Property
Conclusion
In the present work, the native Zyziphus lotus polysaccharides was treated with ultrasound system without modification of chemical structure. After ultrasonic treatment, the obtained polysaccharides demonstrated their abilities to form smaller droplets in oil/water emulsions with better emulsifying properties which could be explained by the reduction of molecular weight. Rheological measurement revealed that the native and ultrasound treated ZLP exhibited a pseudoplastic behavior (shear-thinning) (n < 1) at 25 °C. In addition, apparent viscosities of Zyziphus lotus polysaccharides decreased after ultrasonic treatment. Moreover, the apparent viscosity was significantly affected by pH, temperature as well as the addition of salts (NaCl and CaCl 2 ) for all polysaccharides solutions of ZLP. Antioxidant activity Fig. 5 Effect of acidic conditions (pH 2-6) and alkaline conditions (pH 6-8) on the apparent viscosities of native and degraded ZLP solutions at shear rate of 1 s −1 assays showed that the degraded ZLP fraction with lower MW exhibited a stronger 2,2-diphenyl-1-picrylhydrazyl scavenging ability, reducing power and anti-lipid peroxidation activities. Therefore, taking account rheological parameters and emulsifying properties, ZLP polysaccharides could be applied in the food or pharmaceutical products as new hydrocolloid and natural antioxidant.
